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-ABSTRACT

Experiments were designed to define further the previously described
phenomena of virulence antigen production, bacterial stasis, and lysis in
virulent Pasteurella pestis. The observations, by Lawton, that Mg •
"induces" and Ca4 + "represses" virulence antigen production were verified;
optimal production of these antigens occurred in a chemically defined
medium containing 0.02 M MgCl 2 .and no added CaCl 2 . As shown by Higuchi and
others, this environment results in stasis of cells possessing the genetic
potential for producing virulence antigens. The addition of 0.0025 M Ca++
in the presence of 0.02 M Mg4-+ completely repressed the production of these
antigens and permitted cell division to occur. Cells of the rare avirulent
mutant type that produces virulence antigens and forms atypical colonies
on agar made Ca+H-deficient grow more slowly in Cad+-deficient broth than
do those avirulent cells that produce no virulence antigens. Under these
conditions, the former type produces a lower titer of virulence antigens
than do virulent cells that remain static. 'The generally-accepted qualitative
correlation between stasis and virulence antigen production has been placed
on a semi-quantitative basis. A population of fully induced virulent cells
remains static and almost fully viable for at least four days. Of 16 tested
energy sources, none was found to enhance virulence antigen production in the
presence of Mg++ withbut equally favoring cell division in the presence of
Ca+*. Induced virulent cells retained their morphological integrity; however,
they appeared to be somewhat larger and the formation of new cross-septa was
not observed. In contrast, swelling followed by lysis was seen in Mg++-
deficient media containing sufficient Ca4 + to repress virulence antigen
production and thus initiate growth. As previously shown by Wessman and co-
workers, the particular energy sobrce employed in Mg++-deficient medium was
of primary importance in determining whether lysis would occur. Ca4+ plays
a minor role in preventing lysis and there is no evidence that the virulente
antigens contributed to the lytic phenomenon in the media employed. The
concentration of Ca++ required to repress virulence antigen production or
permit cell division in vitro is similar to that contained in intravascular
fluid. Similarly, the optimal concentrations of Mg&+ and Ca++ required
for induction of virulence antigens and concomitant stasis in vitro are
identical to those reported for intracellular fluid.
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I. INTRODUCTION

Burrows and co-workers have demonstrAted that the phenotypic expression
of virulence in Pasteurella pestis is dependent upon the presence of at
least four genetic factors that may be detected in vitro. These virulence
properties are the ability to (a) synthesize purines7 (b) produce VW or
virulence antigens,2 (c) produce capsular or Fraction I antigen, 3 and (d)
form pigmented colonies on a solid synthetic medium containing hemin. 4

Mutants that fail to synthesize purines, to produce VW antigens, or to
pigment exhibit a qualitative loss of virulence in the mouse or guinea
pi, i.e., an increase in LD50 from less than ten to approximately 108 and
l0s cells, respectively. Strains that lack solely the ability to produce
capsular antigen exhibit a quantitative loss of lethality3 but not necessarily
of infectivityP in the guinea pig; virulence in the mouse is not altered.

Mutants lacking solely the ability to pigment or to synthesize purines
may be restored to full virulence in the mouse by suitable injection of
irons or purine,' respectively. Accordingly, strains of these types are
frequently termed potentially virulent in distinction from the outright
avirulent type that has lost the ability to produce detectable amounts of
virulence antigens' (VW). At present, this latter type cannot be restored
to virulence by specific manipulation of any known host species. Thus,
only the loss of the VW determinant results in both an irreversible and quali-
tative loss of virulence. These observations indicate that the properties
of pigmentation, as well as the ability to produce capsular antigen and
purines, may be lost without loss of virulence in the suitably treated mouse.
Presumably, these three properties are necessary for plague outbreaks in
nature; hm~ever, isolation of a capsular antigen-deficient strain from a
case of plague has been reported. 7 On the other hand, possession of the VW
determinant seems to be essential for survival in nature as well as for
virulence in the laboratory.

Wessman et als demonstrated that cells of five virulent nonglycerol
fermenting strains lype at 37%C when placed in a chemically defined glucose
medium containing 109 X Ca++ and 0.002 M Mg++. Lysis could be prevented
by lowering the temperature of incubation to 36%C or by increasing the
concentration of Mg-+ to 0.022 M. No lysis was observed in the case of
seven avirulent strains that were grown under similar conditions. Subse-
quently, !iýguchi et al? reported that one potentially virulent and nine
virulent strains required 0.002 to 0.004 M Ca++ in order to grow aerobically
- "'C in -ynthetic -41-- r-ntaining 0.02 M Mg++; no recuirement for
Ca++ was observed when five avirulent strains were tested. Higuchi and
Smith2 o later developed an agar medium containing ad-ed Mg++ and oxalate
ions that is selective for avirulent cells that were found to arise at a
mutation rate of 10-4. It was also shown, by various workers, that this
avirulent mutant type, which is able to grow at 37'C at high Mg++ levels
in the absence of Ca++, no longer produces VW.'I 'e
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However, the concomitant loss of VW and Cat+ dependence does not always
occur, since Brubaker and Surgallal 3 isolated avirulent strains that do not

require Ca4- for growth at 37*C but still produce VW. These strains were

termed VW+ avirblent mutants in contrast to the more common VW" avirulent
type. Subsequently,1 4 the growth of a virulent, a VW+ avirulent, and a VW-
avirulent strain was studied in broth made deficient in Ca4+. At 370C, the
growth rate of the VW+ avirulent mutant was intermediate between that of
the rapidly dividing VW avirulent mutant and that of the virulent parent,
which essentially remained static.

This report gives additional comparative data concerning the nutrition
and immunology of the virulent, VW avirulent, and VW+ avirulent genotyp-cs.

Emphasis is placed on the glucose effect of WessmanI and previously noted
effects concerning the stimulatory effect of Mg++ and inhibitory effect of
Ca++ on VW production.'

5611
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U. 14ATERIALS! AND -METHODS.

Stock'cultures,' methods, of •preparing in-ocula, and-storage procedures
have been Tdescribed previlously, -?.1 4 Difico:oaarIbase' (BAB), BAB plus
0.01 M CaC i2 (BABdC),j and:theýmagnesi'im: o-6:6ate agar (MGOK) •of Higuchi and
Smith1 ° were employed as• plaidg mgeoadia. Diftb.oiheart infusion broth -(HIB)
was used in thej-majority of experiments concerning growth, cellular mor-
phology, and Jntiigen production. kSolutions of. CaCl 2 ,-MgCI 2 , Na oxalate,
and the variou0is energy source'$semployed were sterilized separately and
added asept`cAlly tod flhaks, containing, sterile HIB. Optical density was

determined at 600 millimicrons on a-Coleman Model 9 nephlo-colorimeter;
a reading of 0.050 corresponds to 1.08 x i0 8 cells per. milliliter of medium.
Antigen analyses were perforimed by the gel-diffusion procedure employed
by Lawton et al;l,•1 samples', from wh01e ocultures:were used as .the source
of antigen. The antigenic nomenclature employed by" these workers was
used in this investigation. Antiseira'were' kindly provided 'by Dr. W. D.
Lawton.

The basal synthetic mediumr(Table-I) employed in experiments concern~d "
with lysis is a modification of that, developed iby Higuchi et- al. 1 The amin o
acids, less tryptophan and cysteine-HCl, were prepared-as'.double-
strength',solution.- ýCitrkcjtacidy,-iK2 dPO4 ,- FeSOg; ,andtMnSO4 were ',7prepared as
a tenfold-strength :rtock sAIlt•as6lution. Tryptophan (dissolved&in a',minimal
amount of' N'aOH)-a'nd cyite'ih ;ine`-:'Hi_& 'were brotight into' s~olUtiiOn'parately,
added with the vitamins and ste-rili1zed by filtration as a 'fivefold--
strength stock solution. -Soluft•ions."of the various energy sources under,
study were prepared at 50- or Al0O-fold concentration aind`,aIso- sterilized by
filtration except for Na fumaratLe'>which was autoclaved directly "in ..the
medium. CaCI 2 , MgCl 2 , and Na2S20 3 were prepared at 100-fold strength and
sterilized by autoclaving. The complete medium was prepared by adding.
suitable quantities of the amino acid and salt solutions into Erlenmeyer
flasks fitted with cotton stoppers. Phenol red (10 ppm) was added, the
flasks were sterilized by autoclaving, brought to pH 6.8 to 6.9 with 5N
NaOH, and then appropriate amounts of the sterile tryptophan-cysteine-
vitamin, Mg+-, Ca++, Na2 S203, and energy source solutions were added
aseptically; sufficient sterile distilled water was added so that the medium
was brought to volume upon addition of the inoculum. When the energy
sources were mono-sodium salts or carbohydrates, additional NaCl was added
so that the final concentration of Na+ in the medium was identical to that
obtained when di-sodium salts were employed. inocula were prepared from
cells previously grown at 37 0 C in the above medium containing 0.02 M M9g+
and 0.002 H Ca+". The cells were harvested in the late log phase, washed
in 0.033 M potassium phosphate buffer, pH 7.2, and finally resuspended at
suitable concentration in distilled water.

Reagent grade salts were employed in all experiments; vitamins and
amino acids were obtained from the Nutritional Biochemical Corporation,
Cleveland, Ohio. Flasks were aerated by shaking on a reciprocating shaker
with a 2 3/4-inch stroke at 93 excursions per minute.
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TABLE 1. BASAL 14OfFOR,. STD'iic*-'gidl F-W M k ON GROMTH
kid.S ADW.ANTIGENTPIWDUCTION

Amino Acids Mil1i~moles t~eft.Iiter Victomole per Liter

0 lycine -10.0 Th i amiiin IC1 5 0*`

DL-Alanine 2.0 Ca panito~thenate 2."0

L-Serine 1.0 .Biotin 2.0

DL-Cysteine.HC1 .2.0

DL-Threonine 2.0

L-Methionine 2.0

L-Valine 2.5 SaltsA - S/

L-Leucine 1.0 Citric Acid '10.0,

DL-Isoleucline ý2.0 K2HPO4  25.0

L-Aspartic Acid 2.5 FeSO 4  0.1

L-Glutamic 15.0 MnSO4  0.01

L-Lysine.HC1 1.0 Na2S203  2.5

L-Proline 5..0

L-Hydroxyproline 1.0

L-Histidine.HC1 1.0

L -Trystophan 1.0.

L-Arginine.HCI 1.5

91, -Phenylalanine 5.0

I -ryros ine 1.0

a. M1gC1 2J CaC1 2, and NaCi as well as various energy sources were added as
.ndicaled in the text.
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III. RESULTS

The initial growth of strain MIP6 and its VW- avirulent mutant, strain
OX/MP6, was determined turbidimetrically at 37 0 C in HIB (adjusted to pH
6.8 with 5N HCI) containing 0.25 per cent gtucose plus various combinations
of Ca++ (0.01 M), Mge (0.02 M), and Na oxalate (0.02 M). After incubation
for six hours, the pH of those cultures that supported cell division was
approximately 5.5; at this time the experiment was terminated.

As shown in Figure 1, the initial growth rate of the VW- avirulent
strain OX/MP6 was not significantly affected by any cithe salts employed;
however, production of inhibitory concentrations of acid in those avirulent
cultures containing Mg++ was delayed, thus resulting in a slightly greater
terminal turbidity. Comparable growth of the virulent strain MP6 was ob-
tained in the presence of Ca++ (Figure 2). In these experiments, the sole
addition of oxalate ions did not alter the growth rate over that of the
control; however, massive cell lysis was often observed upon continued
incubation. The addition of either Og++ or1Mg&+ plus oxalate ions to
virulent cultures resulted in the stasis reported by Higuchi and co-
workers; 9 only partial inhibition was observed in the presence of Mge- plus
Ca++.

Bacterial stasis was further studied.in long-term experiments in which
differential viable counts were made on ,BABC and MGOX. Galactose was'sub-
stituted for glucose since, as crserved 1b Ross, Hokes,•and. Herbert, acid
production from this hexose is less than is the case with glucose. Either.
Mg++ (0.02 M) and Na oxalate (0.02 1) or'Ca++ (0.01 M) was added to 100
milliliters of HIB plus galactose (0.25 per cent) contained in two liter
flasks, which were inoculated with ap"proximately 108 Ca++: and galactose-
adapted cells per milliliter of fresh medium. The flasks were aerated at
37*C for four days, during which time the pH was maintained near neutrality.
The observed growth and population changes are shown in Table II. Virulent
cells remained viable but static in the presence "of Mg++ and oxalate ions,
and were overgrown by the avirulent population after one day. The latter
entered a precipitous death phase after two days and by the fourth day the
surviving virulent population was again in predominance at a cell concen-
tration of approximately half of that contained in the original inoculum.
As expected, the number of avirulent cells in the virulent culture that
received added Ca++ never exceeded the virulent population. No significant
difference was observed between the virulent and VW- avirulent cultures
that contained added Ca++; however, the stationary phase was prolonged by
one day in the case of the avirulent culture that received added Mg++ and
oxalate ions.

As well as verifying the results obtained by Higuchi et l, these
experiments indicate that cell division of the virulent strain under these
conditions is immediately suppressed in 0.02 M Mg++ in the absence of Ca++,
and that such suppressed cells may remain static but almost fully viable for

Lt Least four days.
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TABLE II. TOTAL WD AVIRULENT VIABLE COUNTS OF STRAINS MP6 AND OX/MP6a/

TIME OF MP6 CK /MP6
MEDIUM 114CUEATION, Viable counts Viable counts

SUPPLEMENT days BABC H MGOK BABC MGOX

Ca4+ 1 4.2x109  2.Ox10 6  4.5x10 9  4.8x109

2 l.1x109  1.2x10 6  9.7x108  8.2x10 8

3 8.6x,0 7  4.2x105  I.8x108  1.5x10 8

4 4.2x,0 7  1.4x,0 5  4.7x107  3.8x10 7

Mg+ and 1 2.3x108  5.Oxl0 7  4.2x109  4.1x10 9

Na oxalate 2 1.4xl09  i.5x109  '3.02109  3.3x109

3 3.8x10 8  3.3x108  1..2x.10 9  9.8x108

4 8.5x10 7  4.6x106  I.8x10 8  1.5x,08

Original inoculum l.8xlO8  7.4x104  2.ixlO8  2.0x108

a. Incubated at 37*C in RIB plus 0.25 per cent galactose and either 0.01 M
Ca++ or 0.02 M Mg++ plus 0.02 M, Na oxalate.

Growth of the VW+ avirulent type (not shown) was rapid in the presence
of Ca++ and somewhat slower than that of the VW- avirulent strain in the
presence of 0.02 L Mg++ and oxalate ions.14

Cells in virulent cultures frequently lysed after 10 to 15 hours when
grown in the presence of oxalate ions. This effect was completely suppressed
by the addition of 0.02 M M&g+, thus suggesting a similarity to the glucose
effect of Wessman.a Lysis was never observed in VW+ or VW- avirulent cells
inoculated without galactose.

The morphology of virulent cells grown or suspended in RIB containing
galactose plus various concentrations of Mg++ and Ca++ was examined by phase
contrast microscopy. Rapidly growing cells obtained from media containing
added 0.01 M Ca++ were typical small bipolar rods in which newly forming
cross-septa were usually apparent. When these cells were centrifuged,
washed, and resuspended in medium containing added 0.02 M Mt+g and 0.02 M Na
oxalate, cell division rapidly ceased and formation of new cross-well material
-as not observed. After subsequent incubation for 12 to 18 hours, numerous
diplobacilli were seen; these presumably arose from cells that were about to
divide when removed from the Ca++-rich growth medium. Attempts to demonstrate
the presence of cross-septa within these diplobacilli by suspension in saline
at various tonicities were not successful.' Upon suitable transfer to media
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containing Ca++., it was possible to observe the formation of new cross-
septa followed by partially synchronized cell division. If the virulent
cells were maintained in Ca++-deficient media for more than 24 hours,
rapidly dividing types became visible at a time that corresponded to the
overgrowth of the culture by the avirulent population. When the virulent
cells were suspended in media containing oxalate ions and 0.01 M or less
Mg++J, an increase in size was usually observed. If oxalate ions but no
Mg4+ were employed, the cells always became greatly enlarged and frequently
lysed; during this phase bizarre forms and spheroplasts were sometimes ob-
served. These morphological changes were not observed in VW+ or VW" avirulent
cells tested under identical conditions. The morphological differences
between virulent and VW- avirulent cells after 12 hours' incubation in HIB
plus 0.25 per cent galactose, 0.01 M Mg++,- and 0.02 M Na oxalate are illus-
trated in Figure 3.

With sufficient data concerning the effect of Ca++ and Mg++ on growth
in HIB, we were in a position to relate these effects to production of
antigens. Lawtonr 6 bad demonstrated that these cations markedly affect
the production of VW in virulent strains; however, their role in the
production of other antigens, and in production of the virulence antigens
by VW+ avirulent strains. was not known. In these comparative studies,
the virulent strain Siam and its VW+ avfiulent (strain VW/Siam) and VW-
avirulent mutant (strain OX/Siam) were employed, as well as six additional
virulent strains and their VW+ avLrulent mutants.

Production of antigens;E, F (capsular antigen), I (antigen 4 of
Crumpton and Davies 1 9 ) K, L1 Q T (murine toxin), V and W was semi-
quantitatively determined.4 Antfigen E is oxygen- and partially temperature-
dependent; this antigen was employed as a control, because it was believed
to be produced with equal facility by both virulent and-avirulent cells.
The above strains were inoculated at 108 cells per milliliter into 500-
milliliter flasks containing 50 milliliters of HIB plus 0.03 M glucose and
either 0.01 M Ca++ or 0.02 M Mg++ and 0.02 M Na oxalate; phenol red (10
ppm) was added to facilitate control of pH. The flasks were incubated
for 12 hours, during which time the pH was maintained near neutrality by
addition of lN NaOH.

The units of various antigens detected per 109 viable cells are
recorded in Table III. The titers of antigen W, and to a lesser degree of
antigen V, but not of the remaining antigens, are increased in the two
genetically competent strains by the addition of Mg++ and oxalate ions.
In order to verify that the production of VW is favored by M9++ and not by
a state of Ca++ deficiency, the above experiment was repeated employing
Mg++ (0.02 M) in various combinations with Ca++ (0.01 M) and Na oxalate
(0.02 M) controls. The results of this experiment, including differential
viable counts and determinations of antigen E ard W, are shmin in Table IV.
Only minor differences in production of antigen E were observed; however,
tl-e sole adddtion of Mg9- greatly favored the synthesis of antigen W.
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Figure 3. t1OP: Enlarged.Virulent Cells Viewed by the
Phase Contrast Microscope after.Incubation,
for 12 hours in Ca++ '-deficient .Medium
Containing 0.01. M, Mg++ . BOTTOM: VW-
Avirulent Cells Exhibiting Normal Morpho-
logy following Identical Treatment.
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TABLE III. EFFECTS OF CALCIUM AND NAGNESIUM XLAEO
-PROD)UCTION OF VARIOUS ANI -NSa

Units Antigon Per 10 Cells

TEST Siam, VW/Siam OX/Siam

A~qTIEN Ca b/ Mg+ X+ / Ca ~ M OX b/ Ca++ Mg+,O

E 1 2 1 19 8

F 15 18 4 4 19 16

I0 0 0 011

3K 30 36 34 30 .58 32

I2

Q7 9 0 2 10 4

T `7 94 4 10 8

V 1ý: 9 14 0 0

W- . 0 ý36 0. 17 0 0

a. At 370C uipoIn-i'ncubation for 12 hou Irs in HIB plus 0.03 M glucose inoculated
at 108 Cells per milliliter.

b. Additions to HIB.
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TABLE IV. ANTIGEN E AND-W PRODUCTION BY ,A. VIRULENT AND TWO RELATED AVIRULENT STRAINS OF.

P. PESTIS-GROWN FOR 12 HOURS IN HEART INFUSION BROTH CONTAINING 0.03 M GLUCOSE

".- . "VAL C"aNTS ANTIGEN UNITS/0 9

ADDITION TO VIABLE b/ CELLS

PRODUCTION MEDIUM -Total Avirulent E W E W

"Strain Siam (virulent),

None 4.8 x 108 2.4 x i05 1:2 0 4 <0

0.'01 M Ca+ 1.1 x 10 9  2.8 x 105 1:2 0 2 0

0.02 M Na oxalate 9.4 x 106 3.7 x 10 1:2 0 -

0.02 M Mg . 4.9 x 108 2.9 x 106 1:2 1:32 4 65

0:02 1 Mg+ plus -10.02 1
Na Oxalate-, . 4.5 x 108 2.5 x 105 1:2 1:8 4 18

"0.;02 M-Mg+'"•~ 0;-il '6.o"lii. ..
014Ca++ 0.01 .2-x 909 3.6 x 105 1:8 0 7 0

original inoculum 2.3 x 108. 8.7X 10 4  0 0 0 0

Strain VW/Siaam (avirulent)

None 3.0 X 10 8  3.0 x 10 8  1:1 0 3 0

0.01 14 Ca++ 9.5 x 108 9.6 x 108 1:1 0 1 0
0.02 MNa oxalate 2.4 x 108 2.4 x 108 1:1 1:2 4 8

0.02 M Mg++ 5.6 x 10 8  5.7 x 108 1:1 1:16 2 29

0.02 M k& plus
0.02 M Na oxalate 5.2 x 108 5.1 x 108 1:1 1:4 2 8

0.02 M Mg++ plus 0.01 M
Cal+ 5-•-4--x 'i0 8  5.3 x 108 i:1 0 2 0

original inoculum 1.5 x t08  1.5 x 10 8  0 0 0 0

Strain OX/Siam (avirulent)

None 2.8 .i0
2.8 x 108 2.9 x 108 1:2 0 7 0

0.01 M Ca++ 8.5 x 108 8.4 x 108 1:4 5 0

0.02 M Na oxalate 6.6 x 108 6.5 x 108 1:4 0 6 0

0.02 M Mg4+ 8.8 x 10 8  8.7 x 108  1:4 0 5 0

0.02 M Mg44 plus

0.02 M Na oxalate 1.0 x 10 9  1.0 x 109 1:8 0 8 0

0.02 M M&+ plus

0.01 M Ca-+ 8.1 x 108 8.1 x 108 1:8 0 10 0

original inoculum 1.5 x 108 1.4 x 108 0 0 0 0

a. Total count determined on BAB plus 0.01 M Ca+ti avirulent count determined on
magnesium oxalate agar.

h. Greatest dilution of antigen per 1.0 ml that exhibits a band of precipitate when test-
ed under standard conditions.
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The addition of Cat+ in.the presence of Mg9+ resulted in complete suppres-
sion of W antigen, whereas the sole addition of oxalate ions resulted in
lysis (Strain Siam) or partial suppression of W antigen production (Strain
VW/Siam). Identical results were obtained with the other tested viuient
strains and their VW+ .. iruient mutants. It is significant that W antigen
production by the.VW+ avirulent strains was always about half of that ob-
served for their virulent parents. The only VW+ avirulent mutant that was

examined for producti--n of antigens, other than V and W, was Strain VW/Siam,
which exhibited apparent deficiency in antigen F, Q, and T production.

Gluconate has recently been shown to favor virulence antigen production.15 20

Investigation -of .the -metabolism of,,gluconate- by. Mortlocl?' has. resulted in
the-.detection of all of the enzymes of both-the Entner'-Douderoff and hexose-
monophosphate-oxidative pathways with the notable exception of glucose-6-
phosphate dehydrogenase. This finding might be correlated with the
observation that gluconate and ribose, but not glucose, stimulated the
production of V antigen in the test system employed by Lawton.1 5s In order
to test the hypothesis that gluconate and metabolically related energy sources
are more active inducers-of virulence antigen synthesis than are hexoses or
other compounds such as permeable Kreb'scycle intermediates, the effect on
W antigen synthesis-of 16 energy sources was tested in.HIB containing 0.02
M Mg++. Itwas- found in these experiments that if the pH was maintained at
neutrality by addition of IN NaOH, the-use of glucose, fructose, or mannose
stimulated greater production of W, antigen than did gluconate, ribose, or
xylose. RelatiVely little W antigen was produced in the presence of
pyruvate or the four tested Kreb's cycle intermediates.

An experiment was designed to determine quantitatively the above rela-
tionship, since those energy sources known to support good growth of
virulent cells in the presence of Ca++ were also those that stimulated
greater W antigen production in the presence of Mg4+. Growth from a
BAB slope of Strain Siam was inoculated into 100 milliliters of HIB plus
0.03 M glr ose and 0.01 M Ca++ contained in a two-liter flask. This culture
was serated by shaking at 37'C until the cells approached the stationary
phase, at which time they were removed by centrifugation, washed in sterile
HIB, and inoculated at a concentration of 105 cells per milliliter into 50 .
milliliters of HIB plus 0.01 M Ca++ and 0.03 M energy, source contained in
500-milliliter flasks. The cultures were aerated for 12 hours at 37'C, at
which time viable counts were performed on BABC and on MGOX. W antigen was

detected at low titer only in the flask containing gluconate. Subsequently,
W antigen production in HIB plus 0.02 M Mg++, 0.02 M Na oxalate, and 0.03
M energy source was determined by inoculating at 108 cells per milliliter
and aerating the cultures for 18 hours at 37'C. Oxalate ions were added
to the medium to prevent significant multiplication of the virulent cells
during incubation. For each energy source tested, the number of bacterial
generations obtained in the mediuo containing Ca+ is plotted in Figure 4
against the units of W antigen produced in medium containing Mg+ and
oxalate ions. It is clear that there is no tested energy source that
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.. stimulates the> production of;W antigen-in the presence-of added Mg++ without
equally favoring bacterial.,multiplication in the presence of added Ca++.

- o thr h work of Wessman, Lawton,<Higuchi. and that reported above, It

is a ,t th't-in dia deficienL in Ua- (,ut otherwise sufficient to
-sup~por"gvth-ac -370 C)-th•eaddition of Mg.- prevents lysis and induces VWprouctonb•.idos 6tprt~growth of virulent cells. In this study,

lysis'at 37,C•0f virulent-cells suspended in. HIB containing added oxalate
ons e , This varability might be associated with endogenous

-•a catiýMot eas-ily removed from HIB without untoward chemical change
or l6ss• of other _,constituents. Accordingly, the synthetic medium of Higuchi
et wwa1-s amodified:so -that VW was produced--at titers comparable with
that observed inHIB' -The medium us.ed by the above workers differs from
the 'modification -employed in-thesedexper"ments in that we:(a) altered the
concentratioo•of amino acids employed.and'included serine,- aspartic acid,

-! histidine,-and hydroxyprol ine;. (b) eliminated NH4- acetate-because we found
t-- - .hatte-Acea,•tate ions (andfo -rmateions) may be toxic at-370 C; and (c) increased
z.tl-tie Na glucdonate'-concentratiorn to .03 M and eliminated xylose. This
medium wAseig&6igned-priharilyt to:facilitate protein synthesis; it does not
represene-the-.mi.imal nutritional requirements ýfor VW production. Na
gluconatieWa.;expioyed as an energy source, since the utilization of this
substan-e re•sIts in only minor changes of pH.

GroCXt form StrainSiam was inoculated- at a concentration of 1.7 x 108
cells -per mi-lliliter into 250-milliliter flasks containing 12.5 milliliters
of synthetic-lidium at 0.0003 to 0.005 M Ca 4 + and 0.0012 to 0.04 M Mg++.
GmrD.th, cellular morphology., -and W- antigen•pro ducti on were determined after
incubation ato370 Cfor 15 hours; the: results. are illustrated in the model
in Figure 5.. _Massivef lysis .(viable counts less than 106Y occurred at
0.0012 M Mg++ regardless. ofi'the concentration of;Ca4 -+ employed.- HoW'ever,
no lysis occurred-at increased twofold to four fold concentrations of Mg4+
provided that at leastO._0025 M Ca++ was present. Neither significant
growth norlysis occurred at low concentrations of Ca4 + (0.0003 to 0.0012 M)
in the pres ace of high concentrations of Mg++ (0.01 to 0.04 M)';-however,
cells placed in the presence of'low amounts of ca++ and 0.01 M Mg++ exhibited
a definite increase in size. At least 0.0025 M Ca++ was-required for growth
and little or no.W antigen was detected in flasks that contained this or
the higher concentration employed. W antigen titers of approximately 60
unit6 per 109 cells were obtained at Ca++ concentrations of 0.0012 M or less,
provided that- at least 0.01 M M1g+- was present. -

These results differ ,slightly from those reported by Higuchi, ,ho
detected growth rather than lysis of virulent cells at 0.0025 M Mg++ in the
absence of Caý+. This discrepancy may be associated with the altered amino
acid content or the deletion of xylose.
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Substitution of 0.03 M concentrations of other energy sources for
gluconate• ifi synthetic medium containing 0.0025 M Mg++ and no Ca4 - yielded
results :in accord with those of Wessman et al__ and Brcmnlcw and Wessman2.3

The experimental procedure-was identical to that described above. After
15 hours'Aniicubatio~nat 37oC0 neither lysis nor significant growth occurred

in flasks containing ,ylose, arabinose, -- ketoglutarate, succinate, formate,
or no added energy-source. Ho}wever, massive lysis occurred following

bacterial growth of approximately two to three generations in flasks con-

taining glucosey, fructose,'mannose, and gluconate. Erratic results were
obtAginedvith-ribose, ggalac'tos'e, °pyruvate, and lactate. Subsequently, it

was.found that xylose did not initiate growth of virulent cells in this

-mdium containing 0.0025 M Ca+• unless at least 0.01 M Mg++ was added.
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IV. DISCUSSION

A qualitative correlation exists between bacterial 3taSis aid VW produc-
tion,- as ev6idexiced by the fac-t that all reported Ca++ independent strains are
avirulent andof thedse the great majority fail to produce detectable VW.
This relationship was upset by the discovery of the rare VW+ avirulent pheno-
type that forms rough itypical c.olonies on MGOX agar and produces both V and
W Anti gens7. _At370CY, the> growth-rate of VW+ avirulent mutants is similar to
that of iirulent or VW- avirulent mutants in medium containing sufficient
Ca+4 . Howeverin broth containing both Mg4+ and oxalate ions, growth of
thevwtavIirulent imutant is intermediate between that of the typical VW-
aviruilent mutant and that of the virulent parent, which remains static.1 4

Thisstudy demonstrated that,,-under identical conditions of Mg++ excess and
Ca 4 - deficiency,*'the production of VW by the VW+ avirulent strain is again
intermediate'between that of. the virulent prototroph and that of its pre-
sumed genetically incompetent VW avirulent mutant. Thus, the relationship
betweenlstasisand VW production is now on a quantitative basis and we can
conclude"that the production of VW in vitro is incompatible with cell division.

Ca 4 4 may merely play a role as suppressor of VW synthesis. However, a
. possible function as a co-factor or integral part of the cell can not be

dismissed. The latter ssuggestion seems improbable considering the high (--
0.0025 M) concentration that is required for growth. Besides its normal
role as-a co-factor, Mg++ ac-ts as an inducer of VW synthesis when present
at high (-- 0.02 M) concentration. There is always the possibility that a
new energy source may prove to be a specific inducer of VW; however, in
view of the results obtained with the 16 tested energy sources, this seems
unlikely. The -previously held opinion that gluconate might play a unique
role in stimulating VW production may %be explained by the well-known
chelating properties of this substance.

The ene-gy source employed does seem to determine whether virulent cells
will lyse in media deficient in both Mg4 4 and Ca4+. For example, lysis
occurred following some growth in those cultures that contained the tested
hexoses, and this phenomenon is undoubtedly a reflection of the glucose
effect of Wessman et al. 8  These workers did not observe lysis when xylose
was employed as an energy source, and protection against lysis in the presence
of glucose was afforded by succinate, fumarate, or malate;' 1 a similar pro-
tection was noted by Brownlow and Wessman2 3 in the case of -- ketoglut.arate.
Our data verify these observations; however, in these experiments little or
no growth occurred when xylose or the above organic acids were tested.
Since neither significant cell division nor lysis occurs under the above
conditions in the absence of any energy source, it is certain that lysis
would not occur if an added energy source could not be metabolized under
conditions of Mg4+ deficiency. This explanation is probably correct in the
case of a highly purified xylose preparation that did not initiate growth in
the presence of Ca++, or favor W antigen production in its absence, unless
at least 0.01 M Mg4 4 was present. It is not known if those carbohydrates that
do not induce lysis require a greater concentration of Mg4-+ for their uptake or
subsequent immediate metabolism than do those energy sources that permit lysis
to occur.
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Wessman et, al_ reported that protection against lysis due to glucose
was also afforded by very low levels of Mn++, 0.00022 M. The present work
provides no new information on this cation.

Presumably, other gubstances will be found that postpone or prevent
lysis at low concentrations of Meg+-, For example, certaia aliphatic polya-
mines studied by !1iager24 are known to protect spheroplasts of Escherichia
coli, which can also be stabilized by Mg++ and CaH+.26 In the case of
P. pestis. Mg++ deficiency may directly result in spheroplast formation
followed by lysis, depending upon the constituents of the medium. Alter-
natively, an independent metabolic lesion concerning cell wall metabolism
may exist that is lethal in the absence of sufficient Mg++.

No VW was detected in lysates of virulent cultures; however, lysis may
have occurred before detectable amounts of these antigens had accumulated.
Since high amounts of Ca++ are known to suppress VW production, but fail to
prevent lysis in this medium (in the presence of 0.0012 M Mg&), it seems
unlikely that VW was produced under these conditions or that these antigens
contributed to cell lysis. However, as noted above, when sufficient Mg++ is
added to CaI+-deficient medium to stabilize virulent cells, VW is produced
with concomitant stasis. These experiments verify the observations of
Wessman and co-workerss that lysis is primarily a function of the compound
supplied as energy source as well as the concentration of Mg+-+ contained
in the medium.

It should be noted that the Ca++ requirement of Azotobacter vinelandii
is somewhat similar to that observed in P. pestis. Deficiency in the
former causes an increase in cellular size and postpones the initiation
of growth; marked deficiency results in swollen and bizarre cells-
accompanied by lysis. 2 In contrast, Renaux2 7 stated that Ca+-+ retards
the growth of virulent Bacillus anthracis, which upon subsequent passage
on Ca-rich agar, become asporogenic and attenuatea. These changes could
be prevent-d in the presence of oxalate ions.

The most striking observation concerning stasis associated with VW
production was that cross-setta were not observed. This phenomenon may
be merely a reflection of a biochemical lesion far removed from cross-
wall synthesis or may be a direct action of the virulence antigens
themselves.

It is generally believed that enzyme inductionI as well as induction
of temperate phage and many bacteriocins, is an all-or-none effect. When
maximal production of an induzed entity by an otherwise homogenous popula-
tion does not occur, it is usually because a portion of that population was
not induced. This situation probably exists in virulent P. pestis induced
to synthes'ze V4 by removal of Ci+- from a medium containing adequate Mg"-.
in this case, the elimination of increasing amounts of the "jepressor",
Ca>-, should permit induction and stasis of an increasing perceitago of
the virulent population. Similarly, stepwise addition of thl "inducer",
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Mg&, to cultures containing low concentrations of Ca++ should again result
in induction of VW and stasis in increasing portions of the virulent popula-
tions. Either the above hypothesis, or the suggestion that all the virulent
cells are fully, partially, or noninduced, depending upon the concentration
of Mg++ and Ca ', would explain the data glven in Figuc.. 5. Further work is
required to determine the correct alternative. It should be remembered that
temperature is the primary factor controlling the expression, in vitro, of
the phenomenon studied in these experiments; as shown by other workers, lysis,
stasis, and VW production occur at 37° C, out not at room temperature.

It is significant that little or no VW was detected in cultures containing
-,-0.0025 M Ca++, regardless of the amount of the added Mg1+; as noted by

Higuchi et al, the above concentration of Ca++ is similar to thAt found in
human blood. On the other hand, the optimal condition for VW production in
synthetic media was 0.02 M Mg++ and no added Ca++. These values are identi-
cal to those recorded for intracellular fluid by Kugelmass, 2 8 but are in
contrast to those reported by Endres and HergeY 9 in horse leukocytes. The
latter workers detected 0.0017 M Ca++, but employed an ashed preparation and
thus determined bound Ca.

If the environmental conditions that influence VW production in vitro
apply equally well in vivo, then one might expect little or no VW to be
produced by cells in the vascular system and that optimal production would
occur by bacteria residing in intracellular fluid. In the absence of
experimental data, this proposal must be made with reservations, since its
corollary states that cells in blood should divide whereas those within
phagocytes should remain static. However, virulent cells do grow within
monocytee3 o and give the morphological appearance of obtaining sufficient
Ca++ (W.A. Janssen, unpublished observations). In addition, 3' only poor
growth is observed within carefully drawn human or mouse sera; in this case
the limiting metallic cation is Fe-+ or Fe6++. Another observation that
must be explained is that virulent cells grown experimentally en masse in
the guinea pig are rich in VW antigens. 3 2  Nevertheless, there is a
distinL, possibility that the virulence antigens are induced following
phagocytosis; their function remains obscure.
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